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The ribosome is a protein–RNA complex responsible for protein
synthesis, fundamentally the same in Bacteria, Archaea, and Eukarya. In
mammals, ribosome assembly is a complex processwhich encompasses
coordinated activation of more than 200 non-ribosomal factors and
many small nucleolar RNAs (snoRNAs), modiﬁcation of 4 ribosomal
RNAs (rRNA), and their correct assembly with 79 different ribosomal
proteins (RPs) [1,2]. Gene expression in eukaryotes is controlled at
several levels including transcriptional and translational regulation.
Whereas knowledge about translational regulation in different eukary-
otes is still deﬁcient, transcriptional regulation is in general better
understood [3]. Coordinated expression of ribosomal protein genes
(RPGs) is needed to achieve equimolecular accumulation of RPs for
ribosome synthesis [4]. This orchestrated process is driven by
coordinated transcription of RPGs provided by similar promoters'
strength. This strength is deﬁned by the proximal promoter region, a
few hundred base pairs region around the transcription start site (TSS),
and alsoby the enhancer and silencer regions locatedas far as thousandsof nucleotides away. Proximal promoter sequences of 79 human RPGs
were studied in detail, revealingmany common evolutionary conserved
features [4]. A large proportion of promoters contain conserved over-
represented motifs, putative transcription factor binding sites (TFBSs).
In humans and mice, RPG promoters fall into 8 classes according to the
possession of putative binding sites for GABP, Sp1, and YY1. Experi-
mental evidencewas found for the functionality of one ormore of these
sites in a few RPG promoters [4]. Further analysis of proximal promoter
regions of human RPGs identiﬁed other common cis-regulatory
elements [5]. The majority of human RPG promoters contain a TATA-
box or an A/T-rich motif at position −25 from the TSS, theoretically
recognized by a TATA-box binding protein (TBP) [4]. The 5′-terminal
oligopyrimidine tract (TOP) is known to be essential for controlling gene
expressions at both transcriptional and translational levels [6–8]. RPs,
elongation factors, translation-related proteins, as well as some
lysosome- and metabolism-related proteins have a TOP tract in their
mRNA transcripts [3]. The TOP element is located very close to the TSS of
all human, mouse, and fruit ﬂy RPGs but is absent in yeast RPGs [9–11].
Currently, there is very limited data about occurrence of TOP in the
metazoan lineage aswell as about its presence and regulatory functions
in basal metazoa. Based on a study of Drosophila species, Ma et al.
recently concluded that transcriptional regulatory circuits of ribosomal
protein genes evolve faster than the correspondinggenes.Moreover, the
motif present in similar numbers of RPGs among Drosophila species
appears not to be conserved at the level of orthologous RPGs [10].
Although over-represented TFBSs in humans, fruit ﬂy, and yeast differ
drastically, evolutionary dynamics in regulatory networks of RPGs lead
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essential for coordinated expression of RPGs.
In our study, we intended to identify and compare over-
represented motifs in RPG promoters of three sequenced basal
metazoans: sponge Amphimedon queenslandica, cnidarian Nematos-
tella vectensis, and placozoan Trichoplax adhaerens. RPs are well
conserved among metazoans. Interestingly, human RPs are more
similar to RPs from sponge than from some other invertebrates like
Drosophila melanogaster and Caenorhabditis elegans [12]. These basal
metazoans also possess genes/proteins which are not present in
D. melanogaster or C. elegans but are well conserved in higher
vertebrates [13]. Both model invertebrate organisms' lineages
apparently experienced accelerated evolution. Therefore, basal meta-
zoans, which remained relatively unchanged throughout evolution,
reﬂect the characteristics of a metazoan common ancestor and also
show high similarity to some human genome features [13–15].
Studying basal metazoans provides the best available insight into the
characteristics of metazoan last universal common ancestor's genome
as well as into the evolutionary dynamics within different metazoan
lineages. By analyzing basal metazoan TFBSs in RPG promoters, it is
possible to trace the evolution of cis-regulatory elements throughout
metazoans and to discern whether some of the elements present in
humans have ancient origin. We identiﬁed over-represented TFBSs in
sponge and cnidarian RPG promoters, and althoughwe foundmany of
them to be very similar to those in human promoters and absent in
D. melanogaster or yeast RPG promoters [9,10], it appears that
transcriptional regulation of RPGs in these basal metazoans is
species-speciﬁc. The most abundant motif in cnidarian is the most
similar to a human over-represented motif in RPG promoters, the YY1
binding site, while in sponge, this motif is far less represented. In
sponge, the most over-represented motif is a strictly localized NRF1
binding site found also in humans, cnidarian, and placozoan but with
far less hits. In placozoan, the most over-represented motif is unique
and dispersed through the upstream region of RPG promoters.
2. Materials and methods
RPG promoters of three basal metazoans are available at NCBI's
GenBank. Placozoan T. adhaerens and starlet sea anemone N. vectensis
genomes were sequenced and annotated [14,16]. The genome of the
sponge A. queenslandica (formerly classiﬁed as Reniera sp.) has been
sequenced by the Joint Genome Institute, and sequences are publicly
available as rawdata on the TraceArchives atNCBI and as an annotated
genome on http://www.spongezome.metazome.net/ [15]. The TSSs of
75 sponge RPGs were determined by comparing the 5′-UTR of full-
length cDNA of a particular RP to the corresponding genomic
sequence. The transcription start in sponge is not strictly set and
there are four types of variation of the TSSs in sponge RPGs (see
Supplemental Fig. 1). TSSs, TOPs, and other pyrimidine rich signals
were marked in all sponge RPG promoters (see Supplemental Fig. 2).
Pyrimidine rich tracts are abundant motifs in the proximal promoter
region of RPGs in sponge, and therefore, all other pyrimidine rich
signals without internal or adjacent TSSs were not subjected to the
following analysis. In total, 75 RPGs were found in cnidarian; 74, in
placozoan; and 75, in sponge. Placozoan RPGs were classiﬁed into 2
pools according to presence/absence of awell deﬁned 5′-UTR. Absence
of information on the 5′-UTR, which prevents TATA-box and TOP
identiﬁcation, is probably due to lack of annotation rather than to the
overlap of transcriptional and translational start. Overall, 53 RPGs had
a well deﬁned 5′-UTR, while 21 did not. In order to identify over-
represented sequence motifs, 2 pools of sequences upstream of TSS
were analyzed: the regions spanning up to −1000 bp from the
translational start site as pool 1 and up to −2000 bp as pool 2. Since
similar results were obtained from both pools, only data from pool 1
(53 RPGswithwell deﬁned 5′-UTRs) are presented. The second pool of
21 RPGs was only used to conﬁrm over-representation of the motifs.TATA-boxes were determined using the Hamming–Clusteringmethod
for TATA signals (HCtata) [17]. Approximately 70 bp upstream regions
(from the TSS) were used for this analysis. TATA-box logos were
created using WebLogo [18]. Over-represented motifs were searched
in various sequence lengths spanning up to 1000 bp upstream from
TSS. All essential motifs were found in 450 bp long (−350 bp
upstreamand+100downstreamof the TSS) region in all 3metazoans.
MEME was used to search for over-represented motifs [19]. MEME
searches for the most signiﬁcant motifs in the input sequences and
reports an E-value for eachmotif it ﬁnds. This is a statistical estimate of
the number of motifs expected to be found if the nucleotides in the
input sequenceswere random.We searchedmotifs 5 to 15 bp in length
to obtain the top 15motifs. Obtainedmotifswere then comparedusing
TOMTOM [20] against the TRANSFAC database of known motifs [21].
Themotifs were ranked by their similarity. The reported p-value is the
minimal p-value over all possible offsets. Because many of top 15
placozoan motifs were highly similar, which can mask some weaker
signals, we extended the searches to obtain the top 30 motifs. In
addition, we used CLOVER [22] and matrices of motifs obtained by
MEME from sponge and cnidarian that are not found in placozoan to
further test their presence in placozoan. RPG promoters of choano-
ﬂagellate Monosiga brevicollis were used as control. Two sets of
choanoﬂagellate RPGs were used for this analysis because only 38
RPGs have a well deﬁned 5′-UTR. The ﬁrst set included 38 RPG
promoters 450 bp long spanning from −350 to +100 bp relative to
the TSS, while the second pool included an extended set of 58 RPG
promoters 500 bp long spanning from −400 to +100 relative to
translational start. Since analysis of both sets produced similar results,
only data from the ﬁrst set were used. The location of TFBSs relative to
the TSS was extracted from MEME results for each sequence within a
set of sequenceswith the same identiﬁedmotif. RPswere compared by
joining 55 RP sequences from each of the 3 basal metazoans and
humans into 4 concatenated sequences, one sequence per organism.
Multiple alignments were created by ClustalX [23] and statistical data
were extracted from GeneDoc (http://www.psc.edu/biomed/
genedoc).
3. Results
3.1. RPG promoter motifs in sponge A. queenslandica
The region spanning from−350 to+100 bp relative to the TSS was
analyzed to identify over-represented sequence motifs. Extending the
region gave essentially the same results (data not shown). Since the TSS
in sponge may vary (see Supplemental Figs. 1 and 2), for analysis, we
chose a TSS within or in direct proximity of the oligopyrimidine tract as
the origin of the spanning region. The top 15motifs produced byMEME
[19] are listed in Table 1 and the corresponding sequence logos are
presented in Fig. 1 and/or Supplemental Fig. 3. A regulatory element
common to all sponge RPGs was not found. However, the most over-
represented motif 1 was found in 65.3% of RPGs (Table 1, Fig. 1). This
statistically most signiﬁcantmotif, with an E-value of only 2.2e-110, is a
15 bp long palindromic sequence, more conserved in its core, with an
average span from−33 to−19 bp (Fig. 2) relative to the TSS. Searches
with TOMTOM [20] against the TRANSFAC database [21] showed that
this motif is very similar to the NRF1 binding site. Motif 2 was found in
44% of RPGs, with an average span from−83 to−70 bp. This motif is
most similar to the CACD binding site (see Table 1). The CACD
transcription factor binds to an element very similar to the Sp-family
members binding motif. Experimental evidence showed that Sp1 can
bind to theCACDelementbutwith a lowerafﬁnity thanCACD [24].Motif
5, present in 49.3% of RPG promoters, is also recognized as most similar
to the CACD binding site. Its average span is from−95 to−84 bp, but
this motif is more dispersed thanmotif 2 (Fig. 2). Sixty-eight percent of
RPGs contain at least one of these two signals, indicating that the
CACD binding motif probably plays an important role in synchronal
Table 1
Characteristic of top 15 over-represented motifs identiﬁed in proximal promoter regions of sponge and cnidarian RPGs and top 30 over-represented motifs in proximal promoter
regions of placozoan RPGs.
Organism Motif Width
(bp)
E-value Consensus Average location
relative to TSS
P-value Consensus motif in
TRANSFAC database
Comment
AQ 1 15 2.2e-110 ACTGCGCATGCGCAG −33 to −19 bp 3.2e-07 CGCATGCGCA NRF1
AQ 2 14 1.2e-031 AGCCACACCCTTTT −83 to −70 bp 6.1e-08 CCACACCC CACD
AQ 3 9 4.2e-030 CCACGTGGT −25 to −17 bp 3.1e-08 CACGTGG c-Myc (MYC)
AQ 4 15 4.3e-025 TCTCTTTCTTTCTTT −65 to −51 bp – – Pyrimidine rich signal
AQ 5 12 3.8e-023 AAAAAGGTGTGG −95 to −84 bp 1.5e-04 GGGTGTGG CACD
AQ 6 14 2.8e-013 TCAAGATGGTGAGT +20 to +33 bp – – ATG start followed by intron (GT)
AQ 7 12 8.4e-009 AGACGCCATTTT −64 to −53 bp 2.6e-05 GCCATTTT YY1
AQ 8 15 6.3e-001 TTAATTAAAATAATT −175 to −161 bp – – AT rich motif
AQ 9 15 1.3e-002 AGAAAGAAGAAGAGA −73 to −59 bp – – AG rich motif
AQ 10 15 1.2e+000 GCCTTGTATGGCCCT – – – Only few hits
AQ 11 12 1.2e+001 TCACGTGATCCT −23 to −12 bp 2.5e-07 TCACGTGAT SREBP-1
AQ 12 12 4.0e+001 TTCTCTTTCTTG −86 to −75 bp – – Pyrimidine rich signal
AQ 13 15 3.2e+001 AAATCTTTTTCAATC +47 to +61 bp – – M1
AQ 14 15 7.9e+001 AGTAGGAGGAGCTAC – – – Only few hits
AQ 15 9 2.1e+002 CCTCTCCTC −165 to −157 bp – – Pyrimidine rich signal
NV 1 15 2.0e-065 CGCCGCCATCTTGGA −90 to −76 bp 4.3e-07 GCCATTTT YY1
NV 2 14 2.3e-043 TGGGCTCCCTGTGG −91 to −78 bp 4.3e-04 AGTTTCCTGT ESE1
NV 3 12 3.7e-042 TCTTTCTCTTTC −6 to +6 bp – – TOP
NV 4 13 7.7e-017 CAAAATGGTGGGT +27 to +39 bp – – ATG start followed by intron (GT)
NV 5 15 6.2e-015 ACCACAGGTAGCCCG −208 to −194 bp 3.6e-04/3.8e-03 ACCACA/ACAGGAAACT AML1/ESE1
NV 6 15 5.0e-007 CCACAATGCCTCGCG −61 to −47 bp 3.7e-09 TTACCCACAATGCATTGCG Staf
NV 7 11 4.2e-005 GTCCGCCCCGC −33 to −23 bp 4.1e-06 GCCCGCCC Sp1
NV 8 15 2.8e-004 AATCCGTTTCAATCG +57 to +71 bp – – M1
NV 9 15 2.2e-004 AAAAAGAAAAAAAAA −196 to −182 bp – – A rich motif
NV 10 9 1.5e-003 CCGCTGACT −122 to −114 bp 6.2e-05 TGACTGAATAA WRKY
NV 11 12 2.0e-003 GAGGGGGGCTGG −48 to −37 bp 4.0e-04 GAGGGTGGG CAC-binding
NV 12 14 7.9e-002 CCCCCCCCTCCCCC – – – Only few hits
NV 13 9 1.0e+000 CGCATGCGC −33 to −25 bp 4.8e-07 TGCGCATGCG NRF1
NV 14 15 1.1e+003 GTCCAGGGGCGGGGG – – – Only few hits
NV 15 12 1.6e+003 AGGTAAAATGGC – – – Only few hits
TA 1 15 9.6e-220 ACTGTACAGTACAGT Upstream – – “GTAC”
TA 2 15 2.1e-159 TGTACTGTACTGTAC Upstream – – “GTAC”
TA 3 15 3.1e-107 TACTGTACAGTACAG Upstream – – “GTAC”
TA 4 9 3.4e-069 GTACAGTAC Upstream – – “GTAC”
TA 5 15 2.2e-050 TACTGTACAGTGTAC Upstream – – “GTAC”
TA 6 7 2.3e-026 ACTGTAC Upstream – – “GTAC”
TA 7 15 5.0e-014 TCCTTCTTTTCCTTC −2 to +13 bp – – TOP
TA 8 14 2.3e-011 CAAAATGGTGAGTA +31 to +44 bp – – ATG start followed by intron (GT)
TA 9 12 1.7e-010 TGCGCATGCGCA −95 to −84 bp 3.5e-07 CGCATGCGCA NRF1
TA 10 7 2.7e-010 GTACTGT Upstream – – “GTAC”
TA 11 11 2.2e+000 GAGGTAAGAAA −46 to −34 bp 9.6e-03 AGAGATAAGA GATA-2
TA 12 15 3.6e+001 GTTCAGTACAGTACT Upstream – – “GTAC”
TA 13 15 6.0e+002 TCTGTCTGTCTGAAG – – – Only few hits
TA 14 15 9.2e+002 CGCGTTGCCTGCCGG – – – Only few hits
TA 15 15 8.6e+002 CACGTCATACTGTCG – – – Only few hits
TA 16 12 7.6e+003 TACTATACTGTA −210 to −199 bp – – –
TA 17 12 4.6e+003 GTAGTGCATGGC −171 to −160 bp – – –
TA 18 15 1.1e+004 GGCTGCCAAGCGGCA – – – Only few hits
TA 19 15 1.9e+004 ATACTGTAGTTAGTA −205 to −191 bp – – –
TA 20 12 2.8e+004 GACTGGGTGAGC – – – Only few hits
TA 21 12 3.8e+004 TTGCAGCCATTT −70 to −59 bp 1.4e-03 GCCATCTTG YY1
TA 22 12 4.1e+004 GAAGGACGCCAC – – – Only few hits
TA 23 7 5.2e+004 GGCGGAG – – – Only few hits
TA 24 15 5.7e+004 GGACCGAGACCGAGA – – – Only few hits
TA 25 14 4.2e+004 CAAGAGGAAGCAAA −53 to −40 bp 1.1e-03 AGAGGAAG PU.1
TA 26 14 4.4e+004 TGTACTAAGCAAGA – – – Only few hits
TA 27 15 7.6e+003 GCTAGAGAAGAAGAT −45 to −31 bp 2.5e-03 AGAGGAAG PU.1
TA 28 12 5.8e+004 GCGACCGGGTCG – – – Only few hits
TA 29 11 6.7e+004 CGGCCAACGTG – – – Only few hits
TA 30 9 9.2e+004 CGAGTAGCG – – – Only few hits
Signiﬁcant motifs are listed according to the E-value produced by MEME, while P-values are extracted from TOMTOM.
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each other because both contain the E-box palindromic core CACGTG.
Motif 3 is very frequent and is present in 60%, while motif 11 in only
9.3% of sponge RPGs. Motifs 4, 12, and 15 are pyrimidine rich motifs
scattered within the analyzed region. This distribution is expected
due to the observation that TOPs are usually non-unique pyrimidine
rich motifs in the proximal promoter region of RPGs in sponge
(see Supplemental Figs. 1 and 2). The average size of the oligopyr-
imidine tract was 10 bp, varying from 5 bp to 30 bp in length. Sizedistribution of the oligopyrimidine tract within genes is shown in Fig. 3.
The oligopyrimidine tract was not observed only in the RPL41 gene.
Motifs 6 and 13, as well as a rare motif 17 (4 hits), are the only 3 motifs
found mainly downstream of the TSS (Fig. 2). In 16% of RPGs with
conservedmotif 6, its core (ATGGT)was recognized as a translation start
followed by a splice donor GT. This motif was also found in humans [5].
Motif 13 is detected in 28% of RPGs downstream of the TSS. A similar
motif in theTRANSFACdatabaseof knownmotifs is not found. Thismotif
consists of two conserved ATC sub-motifs separated by 7 less conserved
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located 60 bp downstreamof the TSS. Motif 7 was found in 28% of RPGs.
The TRANSFAC database of known motifs reveals highest similarity to
the transcription factor YY1 binding site. This is a very frequent motif in
human RPGs, spread downstream and upstream of the TSS. However,
the majority of YY1 motifs were found downstream in humans [4]. In
sponge, out of 23 hits found in the promoter region, only 7 were
downstream.
The TATA-box motifs were identiﬁed in 48% of RPGs, at positions
−36 to −27 bp upstream of the nearest TSS, on an average. The
distribution of TATA-boxes among ribosomal protein genes is given in
Supplemental Table 1 and the consensus sequence of sponge TATA-
box in Supplemental Fig. 3.
3.2. RPG promoter motifs in cnidarian N. vectensis
We found numerous TOP signals at the 5′ end in N. vectensis RPGs
promoters. It varies from 5 bp to 21 bp in length (10 bp on average). A
TSS in the TOP tract was identiﬁed in 69.3% of analyzed RPG
promoters, while in all others except one, oligopyrimidine tracts
were found not far from the TSS (the furthest tract was observed in
RPS21 gene spanning from −42 bp to −30 bp from TSS). The TATA
signal was identiﬁed in 25.3% of RPGs, spanning on average from
−40 bp to−31 bp upstream of the TSS. This is almost half of the TATA
signals found in sponge.
Over-represented motifs were searched for in the regions
spanning from −350 to +100 bp relative to the TSS in 75 RPGs.
Analysis of extending regions yielded basically the same results (data
not shown). The top 15motifs produced byMEME are listed in Table 1
and sequence logos for the corresponding motifs are presented in
Fig. 1 and/or Supplemental Fig. 3. In the proximal, the promoter
region, a regulatory element common to all cnidarian RPGs, was not
found. The most over-represented motif 1 was found in 52% of RPGs.
This is a motif most similar to the YY1 binding site, with highest
statistical signiﬁcance (see Table 1, Fig. 1). As we mentioned before,
this is a very frequent motif in human ribosomal protein genes,
located mainly downstream from the TSS. In N. vectensis, like in
sponge, this motif is found both upstream and downstream (only 20
out of 46 hits were downstream). The second over-represented motif
2 showed high similarity with the binding site of the Ets-family
member ESE1. In humans, 54.4% of RPG promoters contain a potential
GABP binding site in the upstream region [4]. GABP is an ubiquitous
Ets-family member transcription factor with experimental indications
of its positive transcriptional regulatory role in human RPs S6 (RPS6)
and S14 (RPS14) [25,26]. In N. vectensis, 48% of analyzed RPGs have a
binding site for ESE1. The ancient origin of binding sites for the Ets-
family members of transcription factors indicates their important role
in ribosomal biogenesis. Motif 3 was recognized as part of the TOP in
64% of RPGs. This is in accordance with manually inspected TOPs.
Motif 4 with its core ATGGT was found downstream in 16% of RPGs
and was recognized as a translation start followed by an intron splice
site GT (found also in sponge and humans). Motif 5 is bipartite,
consisting of a ﬁrst element most similar to the AML1 binding site and
a second one with ESE1 (Table 1, Supplemental Fig. 3). This motif was
found in 17.3% of RPGs. AML1 is not described as an RPG regulator,
indicating its possible role as the target of some member of the Ets-
family transcription factors. Motif 6, displaying highest homology
with the Staf-binding site, was observed in 37.3% of RPGs. With an in
silico approach, 1175 Staf-binding sites were identiﬁed in 938
promoters from 4 mammalian genomes and 16 human RPGs [27].
Motif 7 was found in 12% of RPGs. By using the TRANSFAC database of
known motifs, we identiﬁed this motif as most similar to the Sp1
binding site, which is a very frequent motif in RPG promoters in
humans [4]. The Sp family of transcription factors binds GC-rich DNA
sequences. Three different Sp-family genes were found in N. vectensis
[28], where they probably fulﬁll multiple roles in transcriptionalregulation of numerous target genes, including RPGs, same as they do
in humans.Motif 8, which is similar to spongemotif 13 and the human
M1 motif of unknown function [5], was found downstream from the
TSS in 24% of RPGs. It also contains two conserved ATC sub-motifs
separated by 7 less conserved nucleotides (Fig. 1). Motif 10, exhibiting
highest homology with a partial binding site of WRKY, was found in
14.7% RPGs (Table 1). To date, multiple duplications of genes encoding
WRKY proteins have been identiﬁed only in plants, while only a single
copy of the WRKY gene encoding two WRKY domains was identiﬁed
in the simple unicellular eukaryote Giardia lamblia, slime mold
Dictyostelium discoideum, and green alga Chlamydomonas reinhardtii
[29]. It is believed that WRKY gene(s) have been lost prior to the
divergence of fungi and animals but after the split of the slime mold
and fungi–animal lineages. These data and partial conservancy of the
WRKY binding site in N. vectensis strongly suggest that motif 10 is not
WRKY related. Motif 13 was found in 14.7% of RPGs and showed
highest similarity to the NRF1 binding site.
3.3. RPG promoter motifs in placozoan T. adhaerens
The TOP signal at the 5′ end was also identiﬁed in RPGs of
T. adhaerens. It varied from 5 bp to 26 bp in length (11 bp on average)
(Fig. 3). The TSS was identiﬁed in a TOP tract in 75.5% of analyzed
ribosomal protein genes promoters. In all other ribosomal protein
genes, oligopyrimidine tracts were found near the TSS. The TATA-box
signal was found in 58.5% of ribosomal protein genes, with an average
location from −36 to −27 bp upstream from the TSS.
Proximal promoter regions of 53 T. adhaerens RPGs spanning from
−350 bp to +100 bp upstream from the TSS was analyzed. The top 6
over-represented motifs, as well as motifs 10 and 12 (see Supplemental
Fig. 3 and Table 1), contain sub-motif GTAC present once or repeated. At
least 1 of the top 6 motifs was found in almost all (49 out of 53, 92.5%)
analyzedRPGs frompool 1when the region analyzedwas450 bp long. In
addition, frequent GTAC rich motifs were found in RPS14 and RPL34,
when extended regions, 1100 bp long (−1000 upstream and +100
downstream fromTSS), were analyzed. Thismotif was only not detected
in RPS5 and RPL35A. Detailed analysis revealed that upstream promoter
regions of placozoan RPGs abound with motif GTAC. Analyses of pool 2
showed that thismotifwaspresent in all additional 21 ribosomal protein
geneswithout 5′-UTRs. TheTRANSFACdatabase of knownmotifs did not
reveal any similar transcription factor binding site. The remaining
observed motifs included TOP, translational start followed by an intron
(ATGGT), NRF1, YY1, and PU.1 (Table 1)whenMEMEwas used. CLOVER
additionally determined an E-box (12 hits) as well as M1 (only 5 hits).
4. Discussion
Common features such as TOPs and TATA-boxes were identiﬁed in
all three organisms. However, presence of TATA-boxes differs among
them. In sponge, 48% of analyzed RPG promoters contain a TATA
signal; in placozoan, 58.5%; and in cnidarian, only 25.3%. As shown in
Supplemental Table 1, the TATA signal, which theoretically can be
recognized by TBP, is not conserved in orthologous genes either.
The TOP is essentially maintained in RPG promoters in all three
basal metazoans (Fig. 3). However, in sponge, TOP is not a unique
pyrimidine rich tract in proximal promoter region of RPGs (see
Supplementary Fig. 2). The TOPmotif has a dual regulatory function. It
is a part of a cis-regulatory element in transcriptional regulation and
has a role at the translational level. In certain physiological conditions,
it inhibits binding of the translational regulatory proteins or the
translational machinery to the mRNA [3]. The TOP motif is present
neither in plants nor in yeast [9] but is ubiquitous in vertebrates [4].
Analysis of RPG promoters of choanoﬂagellate M. brevicollis (see
Supplemental Table 2) indicates the presence of oligopyrimidine
tracts, some close to the TSS, similar to their position in sponge. We
Fig. 1. Comparison of motifs conserved in RPG promoters in basal metazoans and humans identiﬁed by MEME. + indicates presence of motif, and−, its absence. HS indicates Homo
sapiens; AQ, Amphimedon queenslandica; NV, Nematostella vectensis; TA, Trichoplax adhaerens.
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mode of regulation is either a ﬁlozoan or metazoan innovation.
Over-representedmotifswere detected in all three basalmetazoans,
but orchestrated ribosomal biogenesis is probably driven by different
transcription factors in different organisms. As we mentioned, in
sponge, the most over-representedmotif is similar to the NRF1 binding
site, and similar motifs were found in both metazoans but with less
abundance. NRF1 binding sites were also found in 7 human RPGs [4].
NRF1 activates many genes and is involved in processes such as cellular
growth, heme biosynthesis, neuronal differentiation, oxidative stress
response, mitochondrial respiration, and mitochondrial DNA transcrip-
tion and replication [30]. There is still a lack of experimental evidence of
direct NRF1 function in ribosomal biogenesis. Recent analysis showed
that genes involved in human ribosome biogenesis are transcriptionally
upregulated in colorectal cancer and that, out of 166 analyzed genes, 71
had at least one TFBS for NRF1 [31]. MCRS2 (an MCRS1 splice variant)
represses the transactivation activities of NRF1 [32]. MCRS1 up-regulates transcriptional activity of the rDNA promoter and ribosomal
RNA transcription is repressed when MCRS1 is reduced using siRNA
[33]. This may indicate importance of NRF1 in synchronal ribosomal
biogenesis.
Sponge motifs 3 and 11 are very similar to each other because both
contain the E-box palindromic core CACGTG (Table 1). MEME did not
ﬁnd this palindromic sequence in cnidarian and placozoan, but CLOVER
revealed its presence in 17 cnidarian and 12 placozoan RPG promoters.
Amongmany transcription factors that recognize theE-box, oncoprotein
c-Myc (MYC) is known topromote cell growth throughbinding to it [34].
c-Myc enhances ribosomal biogenesis by up-regulating transcription
mediated by all three RNA polymerases [35]. The E-box is present in
many human genes and it has been shown that c-Myc transcriptionally
induces one of them, RPL11 [36]. Over-representation of the E-box in
sponge and presence in other basal metazoan RPGs, like in humans,
could enable similar c-Myc-enhanced ribosomal biogenesis [36]. Recent
analyses of RPG promoters from fungi showed that E-boxes, which can
Fig. 2.Heat map of frequencies of motif positions in all sequences with the givenmotif, obtained byMEME, relative to the transcription start site (TSS). The transcription factors were
predicted by TOMTOM. AQ indicates Amphimedon queenslandica; NV, Nematostella vectensis; TA, Trichoplax adhaerens.
61D. Perina et al. / Genomics 98 (2011) 56–63be recognized by fungal centromere binding factor CBF1, are intermit-
tently present in fungi [37,38]. It remains to be determined whether the
similarity of fungal and metazoan motifs is a consequence of common
evolutionary origin or homoplasy.
In humans, 52% of RPG promoters have a putative binding site for
YY1 [4]. The YY1 binding site was identiﬁed in 52% of analyzed RPG
promoters in starlet sea anemone as the most over-represented motif,
while in sponge, it is present in 28% of RPG promoters. YY1 binding sites
were found upstream and downstream of the TSS in humans, sponge,
and starlet sea anemone, but it was only in humans that themajority of
YY1 binding siteswere founddownstream. Interestingly, themajority of
YY1 binding sites in placozoan were also identiﬁed downstream. This
indicates that YY1 binding sites were probably lost in the upstream
region in favor of the abundant upstream motifs with a GTAC core,
present in all except 2 placozoan RPGs. In humans, this multi-domain
transcription factor has a DNA-binding domain at the C-terminus,
consisting of four zinc ﬁngers [39]. Eleven amino acid residues are
known to be crucial for YY1 binding to a consensus motif. As shown in
Fig. 4A, all four zincﬁngers, aswell as all residues essential for binding toFig. 3. Size distribution of the oligopyrimidine tract in sponge (black bars), cnidarian (gray
bars), and placozoan (white bars). The length of oligopyrimidine tracts is conserved
between these organisms.DNA arewell conserved in YY1-related proteins in basalmetazoans. The
mechanism which allows YY1 to perform varied functions has not yet
been clariﬁed. It can function as a gene activator or repressor and
interact with a wide variety of proteins. It is also a component of
ribonucleoprotein complexes involved in histone modiﬁcation [40].
Owing to its numerous functions, this complex protein is involved in
many cellular processes like differentiation, development, proliferation,
and apoptosis [41]. Therefore, the complete set of the multiple roles of
YY1 in coordinated mechanism of regulating many RPGs in metazoans
still remains to be established.
The downstream motif M1 is found to be the most statistically
signiﬁcant motif in humans. It consists of two well conserved ATC sub-
motifs separated by 7 nucleotides [5]. The same motif was found in
sponge and cnidarian using MEME, but in placozoan, even when
CLOVERwas used, only four hits were found. Althoughwidely spread in
human RPG promoters, the function of this motif remains unknown.
Ropeckeet al. suggested that thismotifmaybe recognized byYY1due to
the overlap of consensusmotifs betweenYY1 andM1 [5]. They reported
the middle of this overlapping consensus as a less conserved GC-rich
sequence. We ﬁnd that this core is not conserved in basal metazoans
(Fig. 1); therefore, YY1 is not a good candidate for binding to this cis-
element in basal metazoans. Presence of M1 in humans and a very
similar motif in basal metazoans indicates its ancient origin and an
important role in regulation of ribosomal biogenesis.
Sp1 binding sites were identiﬁed in 48.1% of human RPG promoters
[4]. This motif was found in cnidarian, and a very similar CACD binding
site was found in sponge RPG promoters. CACD is a transcription factor
with biochemical and DNA-binding properties similar to Sp1 (Sp1 can
bind to its binding site) [24]. The Sp1binding site is anabundantmotif in
human RPGs [4], while in sponge, it might be recognized by an
archetypal CACD/Sp transcription factor,whichhas abinding site similar
to human CACD or Sp1. Unfortunately, it has not been clariﬁed yet
whether CACD is a member of the Cys2–His2 zinc ﬁnger protein family
distantly related to Spl or whether it is just an alternate splice variant of
the Spl mRNA. Nevertheless, Sp-family members were identiﬁed in
sponge, placozoan, and cnidarian. All three zinc ﬁngers, as well as
the amino acid residues essential for DNAbinding, arewell conserved in
Sp-family members from basal metazoans (see Fig. 4B).
Fig. 4. Amino acid sequences of the (A) zinc ﬁnger domain of the YY1 transcription factor in Homo sapiens (NP_003394), Nematostella vectensis (XP_001628826), Trichoplax
adhaerens (XP_002113199), and Amphimedon queenslandica (CAYI2060.b1); (B) zinc ﬁnger domain of Sp family members in H. sapiens (NP_003100 encoded by SP1, NP_003101
encoded by SP2, NP_003102 encoded by SP3, and NP_003103 encoded by SP4), N. vectensis (XM_001634954), T. adhaerens (XM_002116356), and A. queenslandica (BAYB242853.
g1); (C) ETS domains in H. sapiens (NP_002031 encoded by GABP, NP_005228 encoded by ETS1, and NP_001107781 encoded by ESE1), N. vectensis (XP_001635556 and
XP_001635557), T. adhaerens (XP_002107620 and XP_002108431), and A. queenslandica (CAYH3162.g1 and CAYH3743.g1). HS indicates H. sapiens; AQ, A. queenslandica; NV, N.
vectensis; TA, T. adhaerens. Cysteine and histidine residues which form zinc ﬁngers are marked with gray letters. Arrows indicate amino acids which bind to DNA, identical amino
acids are marked with –, and indels are marked with ⁎.
62 D. Perina et al. / Genomics 98 (2011) 56–63GABP binding sites were identiﬁed in 54.4% of human RPG
promoters [4]. An over-represented motif of the Ets-family member
binding sites in RPG promoters was found only in starlet sea anemone.
However, presence of Ets-family members was identiﬁed in all three
metazoans. In Fig. 4C, we present two ETS domains from each basal
metazoan,most similar to ETS domains of humanGABP, ETS1 and ESE1
proteins (HS1, HS2, and HS3, respectively; Fig. 4C). At least one of the
ETS domains in each basalmetazoan has all amino acid residues crucial
for DNA contact conserved. Some of the TFBSs for the three
transcription factors (YY1, Sp1, and GABP) are found ubiquitously in
human RPG promoters, and some of the corresponding transcription
factors' DNA binding domains are present in basal metazoans,
indicating their ancient origin. However, the common motifs appear
not to be conserved between orthologous RPGs (see Supplemental
Table 1) but only when looking at all RPGs from an organism as a
group, which indicates fast evolution of transcriptional regulation in
RPGpromoters in basalmetazoans, similar to that inDrosophila species
and fungi [10,38]. RPs are very similar, sharing 79% to 83% sequence
similarity between species analyzed (see Supplemental Fig. 4), but the
machinery of transcriptional regulation appears to evolve more
rapidly. More than 97% of placozoan RPG promoters have at least
one, probably placozoan speciﬁc, “GTAC” motif. Recently, the ACAGT
motif was described as the most abundant microsatellite in
T. adhaerens with strong association with its nearby translation- and
protein modiﬁcation-related genes [42]. Most of the translation genes
were ribosomal protein genes and most of the protein modiﬁcationgeneswere genes coding for kinases [42]. Somemicrosatellitesmay act
as cis-regulatory elements through transcription factor binding [43].
The palindromic GTAC core motif is essential for DNA binding of
various SBP-domain proteins [44,45]. SBP-domain proteins have not
been identiﬁed in metazoans or in Trichoplax; therefore, another
transcription factor is likely to recognize this motif in animals. The
presence of this unique over-represented motif in placozoan, as well
as a smaller portion of motifs shared with humans, indicates that
T. adhaerens RPG promoters evolve at a higher rate than in sponges or
cnidarians. Therefore, the coordinated expression of ribosomal protein
genes in placozoan is probably very speciﬁc and includes an intrinsic
placozoan transcription factor(s) that recognizes this abundant motif.
Analysis of RPG promoters of choanoﬂagellate M. brevicollis
revealed that motif 6 is similar to YY1 binding site (see Supplemental
Table 2). The majority of YY1 signals are located precisely at the
translational start site, unlike in basal metazoans. Other TFBSs
common to choanoﬂagellates, basal metazoans, and humans were
not identiﬁed. However, these ﬁndings are inconclusive, perhaps due
to lower quality of genome annotation or smaller sample size.
In conclusion, we found that RPs did not change drastically from
basal metazoans to humans, but rapid evolution of regulatory
network in basal metazoans leads to the formation of speciﬁc intrinsic
over-represented motifs essential for coordinated expression of RPGs.
However, presence of machinery engaged in human transcriptional
regulation of RPGs (TFBSs and corresponding domains that recognize
these motifs) in sponge and cnidarian, not previously observed in
63D. Perina et al. / Genomics 98 (2011) 56–63yeast or fruit ﬂy, indicates that the foundations of the human
expression pattern was established early in metazoan evolution.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ygeno.2011.03.009.
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